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Abstract 
In order to investigate the relationship of oxide-ion conduction between the brownmillerite-type and perovskite-type 
structures, the solid solution system Ba2In2-x(Zn1/2Zr1/2)xO5 was investigated.  The orthorhombic phase was obtained 
in the range of 0.0㻡x㻡0.3, while the cubic phase was obtained in the range, 0.4㻡x㻡2.0.  The transition 
temperature from orthorhombic to cubic phases shifted to the lower temperature than that of Ba2In2O5 with increasing 
x.  The temperature dependence of electrical conductivity after the phase transition in the composition range (0.1҇ x
҇ 0.3) agreed with the conductivity of the high temperature Ba2In2O5 which was extrapolated to the low temperature 
region.  In order to investigate in more detail the crystal structure at high temperatures, high temperature X-ray 
diffraction was carried out.  It was clarified that the crystal phase of sample of x = 0.3 transformed from 
orthorhombic to tetragonal at 973K. As a result, the substitution of (Zn, Zr) into the In site lowered the phase 
transition-temperature.
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of MRS-Taiwan 
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1 Introduction 
It is well known that the high-temperature phase of Ba2In2O5 with cubic perovskite-type structure 
shows high oxide-ion conduction [1]. The high oxide-ion conduction above 1203 K can be ascribed to the 
random distribution of oxygen vacancy at O2- sites. Ba2In2O5 which has the orthorhombic brownmillerite-
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type structure below 1203 K showed low electrical conductivity due to the ordered oxygen vacancy. 
Many researchers have reported that the high conduction phase can be stabilized at lower temperature by 
the partial substitution of component elements in Ba2In2O5 [2].  One of the present authors studied the 
order-disorder transition and electrical conductivity of the brownmillerite solid-solution systems Ba2(In, 
M)2O5 (M=Ga, Al) [3, 4]. Furthermore, Kakinuma et al. reported that the La and Sr-codoped solid 
solution, (Ba0.3Sr0.2La0.5)2In2O5.2 (BSLIO) showed the higher conductivity of ca. 0.3 S/cm at 1093 K than 
that of stabilized ZrO2 [5]. 
On the other hand, the present authors have found new brownmillerite-type systems, 
Ba2(Zn1/2M
4+
1/2)2O5 (M = Zr, Hf, Ce) ,which showed a cubic perovskite structure regardless the 
brownmillerite composition [6]. Although the new compounds were expected to show high oxide-ion 
conductivity because of their oxygen deficient cubic perovskite structures, they showed the lower 
conductivity than that of the high temperature form of Ba2In2O5.   
In order to stabilize the high temperature phase of Ba2In2O5 in the lower temperature, Ba2(Zn,Zr)2O5,
which showed relatively high conductivity among the Ba2(Zn,M
4+)2O5 systems, was doped to Ba2In2O5.   
   When the stability of perovskite-type structure is discussed, a tolerance factor (t) can be used, 
defined by a following equation: 
   BOAO rrrrt  2/  (1) 
where rO, rA, and rB are the ionic radii of O, A, and B in ABO3-type perovskite structure, respectively.  
It is known that when the t value approaches unity, the cubic perovskite structure can stabilize. The 
tolerance factor was also applied to brownmillerite-type structure in the present study. 
2 Experimental 
Powder sample of Ba2In2-x(Zn1/2Zr1/2)xO5 were synthesized by a solid-state reaction. BaCO3 (99.9%, 
Wako Pure Chemical), In2O3 (99.99%, Kojundo Chemical), ZnO (99.999%, Kojundo Chemical), and 
ZrO2 (99.7%, TOSOH) were used as the starting materials.  Weighed powders were mixed in a ball mill 
for 24 h with ethanol as a dispersive medium. The mixtures were dried at 373 K for several hours, and 
then calcined at 1273 K for 10 h. The powders, which were sieved to under 54 μm, were uniaxially 
pressed at 5 MPa into rectangular shape or pellets. Compacts thus obtained were isostatically pressed 
again at 200 MPa.  The samples were then sintered at 1673 K for 10 h in air. The relative densities of all 
the single phased specimens, which were estimated from their dimensions and weights, were higher than 
90% for X-ray density.  
The sample powders were characterized by X-ray diffractometry (XRD) (Multiflex, Rigaku Co.) with 
CuKĮ radiation (monochromated with graphite). In order to examine the high temperature phase of 
Ba2In2-x(Zn,Zr)xO5, the X-ray diffraction measurements were carried out from room temperature (303 K) 
to 1223 K in air. 
The electrical conductivities of the single phased samples were measured by the DC four-probe 
method under various conditions in the temperatures range from 773 K to 1173 K in air. 
3 Results and Discussion 
3.1. Crystal structure 
The XRD experiments showed that the Ba2In2-x(Zn1/2Zr1/2)xO5 system was a complete solid solution 
system in the whole composition range.  Figure 1 typically shows the XRD patterns of Ba2In2-x(Zn,Zr)xO5
(0.0̰x̰0.3). They were identified as orthorhombic brownmillerite-type structures in the composition 
range of 0.0̰x̰0.3 and cubic perovskite-type structures in the range of 0.4̰x̰2.0. The diffraction  
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peaks assigned the orthorhombic phase weakened with increase in x, suggesting that the crystal phase 
approached to the cubic phase. The lattice constants of   Ba2In2O5 were estimated to be a = 5.993, b = 
16.77, and c = 6.056Έ, which agreed with the values (a = 5.89, b = 16.79, and c = 6.08Έ) reported by 
Goodenough et al. [1]  The compositional change of the b- and c-axes in the Ba2In2-x(Zn1/2Zr1/2)xO5
system is shown in Fig. 2, where the b- and c-axes were multiplied by 1/л2 and 1/4, respectively, in 
order to compare with the primitive cubic perovskite phase.  The orthorhombic lattice gradually 
approached to the cubic lattice with increasing composition (x), and then transformed to the cubic phase 
at x = 0.4.  In the cubic phase (0.4 ҇x҇  2.0), the lattice constant decreased linearly with increase in the 
composition (x).  This decrease in the lattice constant may be ascribed to the substitution of (Zn, Zr) with 
the average ionic radius of 0.73Έ into the In (0.8Έ) site.   
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Furthermore, the tolerance factor (t) of Ba2In2O5 (0.967) increased with increase in x, and then 
approached to unity at x = 0.4.  The phase change from the orthorhombic to cubic lattices may be due to 
the increase in the t value.  
Figure 3 shows the unit cell lattice volume as a function of the composition (x), where the lattice 
volume increased with increasing x in the range of 0.0̰x̰0.3, regardless doping of (Zn, Zr) with the 
smaller ionic radius than that of In.  The increase in the lattice volume in the range of 0.0̰x̰0.3 may be 
due to a certain kind of disordering of oxygen vacancy, that is, when the orthorhombic phase approaches 
to the cubic phase, the tilted octahedron and tetrahedron in the orthorhombic structure transformed to the 
straight arrangement,  resulting in the increase in the b-axis.  The lattice volume showed the maximum 
value at x = 0.3, and then decreased. 
3.2. Electrical conductivity  
Figure 4 shows Arrhenius plots of electrical conductivity of Ba2In2-x(Zn,Zr)xO5 (0.0҇ x҇ 0.3).  The 
electrical conductivity of Ba2In2O5 (x = 0.0) showed the sharp increase in the temperature range of 1073 - 
1223 K.  This behavior had also been observed previously by Goodenough et al., who assigned it to a 
phase transition from the orthorhombic brownmillerite-type structure to the cubic perovskite-type 
structure due to order-disorder transition of oxygen vacancies [1]. The transition temperature shifted to 
the lower temperature side than that of Ba2In2O5 with increase in the composition (x).  The temperature 
dependence of electrical conductivity after the phase transition in the composition range (0.1҇ x҇ 0.3) 
agreed with the high-temperature value of Ba2In2O5 extrapolated to the lower temperature region. The 
electrical conductivity of the sample with x > 0.4 having cubic symmetry at room temperature could not 
be measured because the well sintered specimens were not obtained. 
Figure 5 illustrates the starting and ending temperatures of the sharp increase of the electrical 
conductivity in the Arrhenius plots as a function of x. Both transition temperatures decreased linearly  
-5.0
-4.0
-3.0
-2.0
-1.0
0.0
0.7 0.8 0.9 1.0 1.1 1.2
x=0.1
x=0.0
(Ba
2
In
2
O
5
)
x=0.2
x=0.3
lo
g[
Ӻ
(S
/c
m
)]
1000/T (1/K)
Fig. 4 Arrhenius plots of electrical conductivity 
for Ba
2
In
2-x
(Zn,Zr)
x
O
5
 (0.0҇x҇0.3)
x=0.0
(Ba
2
In
2
O
5
)
x=0.1
x=0.2
x=0.3
850
900
950
1000
1050
1100
1150
1200
1250
starting temp.
ending temp.
0.00 0.10 0.20 0.30
P
ha
se
 t
ra
ns
it
io
n 
te
m
pe
ra
tu
re
 (
 K
 )
Composition (x) 
Fig.5 Phase transition temperature as a function of x.
72   S. Ito et al. /  Procedia Engineering  36 ( 2012 )  68 – 73 
with increase in x, suggesting that the doping of (Zn,Zr) to the In site is effective for the disordering of 
oxygen vacancy. 
On the other hand, the low conductivity of Ba2(Zn,Zr)2O5 which has cubic phase due to random 
rearrangements of Zn and Zr may be ascribed to the localization of oxygen vacancy at the Zn site because 
of the tetrahedral site preference of Zn.  The localization of oxygen vacancy means the decrease in mobile 
oxygen vacancy concentration. 
3.3. High temperature X-ray diffraction 
In order to clarify the relationship between the crystal structure and the electrical conductivity, we 
carried out high-temperature XRD experiments from room temperature (303 K) to 973 K.   Figure 6 
typically shows the XRD patterns of x = 0.3 at 303 and 973 K.  The XRD pattern at 973 K was indexed 
according to the tetragonal perovskite-type structure.  Figure 7 illustrates the lattice parameters of the 
sample with x = 0.3 as a function of temperature, where the a- and c-axes were multiplied by 1/Ĝ2, and 
the b-axis by 1/4, as shown in Fig.2.  With increase in the temperature, the c/Ĝ2 and b/4 values increased 
and then agreed with each other above 800 K, while the a/Ĝ2 value decreased linearly, resulting in the 
phase transition to tetragonal phase above 800 K.  It should be noted that the longest b axis extended with 
elevating temperature. This result suggests that the distortion of octahedral (BO6) and tetrahedral (BO4) in 
the brownmillerite-type structure disappeared so that the symmetry of sample with x = 0.3 changed above 
800 K.  
This fact may support that the sharp increase in electrical conductivity has a close relation to the 
structural transformation. 
 4. Conclusions 
The crystal structures and electrical properties of the Ba2In2-x(Zn1/2Zr1/2)xO5 system were examined. 
The system showed a orthorhombic brownmillerite-type structure for 0.0̰x̰0.3 and a cubic perovskite-
type structure for 0.4̰x̰2.0. The transition temperature to the tetragonal phase shifted to the lower 
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temperature side than that of Ba2In2O5 with increasing x. The temperature dependence of electrical 
conductivity after the phase transition in the composition range (0.1҇  x҇  0.3) agreed with the 
conductivity of the high temperature Ba2In2O5 which was extrapolated to the low temperature region. 
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